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INTRODUCTION
Received for publication 16 July 1973 and in rezised form 14 December 1973. lAbbreviations used in this paper: CIN, CPAH, clearance have been under active investigation because they may be important determinants of sodium excretion. While a number of methods have been used to determine intrarenal distribution of blood flow in the dog, no quantitative estimates of both juxtamedullary and superficial nephron filtration rates (JMGFR and SNGFR) have been made in this species. A number of investigators have attempted to determine changes in distribution of GFR among nephrons from comparison of changes in the ratio of SNGFR, obtained by micropuncture, to whole kidney GFR. Since juxtamedullary nephrons are a small proportion (5-15%) of the total number, it is obvious that substantial changes in GFR of juxtamedullary nephrons could be missed by this indirect technique. Using this method, most investigators have found no evidence for redistribution of filtrate during saline loading in dogs (1) (2) (3) . Recently Carriere, Boulet, Mathieu, and Brunette (4) have applied the Hanssen method to dogs to obtain direct measurements of the ratio of SNGFR to JMGFR. They found that this ratio did not change after saline infusion. At the same time (5), we had adapted a modification (6) (7) (8) of the Hanssen method (9, 10) to permit quantitative estimates of both superficial and deep nephrons separately. In addition, we have determined the distribution of blood flow within the cortex with microspheres in the same animals. The combination of these methods has allowed us to re-examine the effect of saline expansion on superficial and deep nephron filtration and perfusion rates and to estimate superficial and deep nephron filtration fraction before and during saline expansion. Our results indicate that SNGFR increases proportionately more than JMGFR after saline expanof inulin and PAH; GFR, glomerular filtration rate; GPR, glomerular perfusion rate; JMGFR, juxtamedullary glomerular filtration rate; PAH, p-aminohippurate; SNGFR, sion. Moreover, filtration fraction in juxtamedullary nephrons appears to fall strikingly after saline loading. It is possible that significant differences in sodium excretion from superficial and deep nephrons during saline loading may result from these heterogeneous hemodynamic shifts within the kidney. Moreover, the striking change in filtration fraction in juxtamedullary nephrons suggests that GFR in this class of nephrons is not as flow-dependent as in superficial nephrons. METHODS Studies were performed on mongrel dogs weighing between 9.5 and 22 kg. Food and water were withheld 4-6 h before study. All dogs were anesthetized with pentobarbital and intubated. For microsphere injection, a 2-mm-ID polyvinyl catheter was advanced through the right axillary artery into the aortic root or the left ventricle. Polyethylene catheters were inserted into leg veins for infusions of inulin, p-aminohippurate (PAH), and 0.87% saline when appropriate. Two catheters were advanced from the femoral artery to an intra-aortic position just above the renal arteries, a PE50 catheter for infusion of radiolabeled FeCN, and a PE160 catheter to monitor blood pressure, sample blood, and infuse unlabeled FeCN.
Through bilateral flank incisions, both ureters were catheterized near the renal pelvis. The right kidney was exposed and the renal artery was isolated. To measure the activity of [14Cjsodium ferrocyanide (FeCN) microsphere distribution were not obtained in all dogs of both groups (see Tables I and II) .
Tissue preparation for the modified Hanssen technique. While still frozen, the kidney was bisected sagitally and fragmented. The fragments were then transferred to 50%o alcoholic FeCI3 for precipitation of FeCN as ferroferricyanide (Prussian blue) and prepared for dissection as previously described (12), except that the fragments were kept in 20% HCl at + 37°C.
8-14 superficial nephrons (those nephrons having at least one proximal loop on the cortical surface) and 8-14 juxtamedullary nephrons (those from the inner quarter of the cortex having glomeruli as close to the juxtamedullary junction as possible) from 4 randomly selected fragments were dissected, the glomerulus removed, and the tubule divided at the leading edge of the visible Prussian blue granules. The tubule was then transferred to 10 ml of Aquasol (USV Pharmaceutical, Tuckahoe, N. Y.) and counted for 100 min on a Beckman LS-100 beta scintillation counter (Beckman Instruments, Fullerton, Calif.). In all experiments, sample counts were at least 2.5 times background.
The radioactivity recorded from nephrons prepared as described is derived not only from filtered sodium ferrocyanide (intratubular) but also from sodium ferrocyanide adherent to the outer surface of the tubule or within cells ("contamination"). On the other hand, because the glomerulus was removed, radioactivity within Bowman's space, which represents filtration, was lost. The-fore, to calculate radioactivity that represents only fiht. tion, subtraction of extratubular contamination, which would otherwise produce an overestimate of filtration, and addition of counts lost from Bowman's space, which would otherwise produce an underestimate of filtration, was necessary.
To calculate these corrections, four experiments were performed. Several small lengths of proximal tubule immediately beyond the Prussian blue marker were measured and pooled to approximate the length of the proximal segment used to calculate filtration. These late proximal segments counted 10±1.8%o (SE) of the experimental samples.
In addition, glomeruli were pooled and counted; counts per glomerulus were 21±2.7% of the mean proximal tubular counts. These data were not significantly different for superficial and juxtamedullary nephrons. In correcting for loss of counts from Bowman's space, we assume arbitrarily, as have others (6, 11 ) that 50% of the glomerular radioactivity represents filtrate. Measured radioactivity in individual experimental nephrons was corrected by the use of these data both for extratubular contamination and for loss of counts in Bowman's space.
Radioactivity was determined separately in each of the 13-16 plasma samples obtained in every experiment by continuous renal artery sampling. The mean plasma radioactivity of all samples in each experiment was used to calculate nephron filtration rates for that experiment. Determination of glomerular density. Fragments of tissue from the four zones were pooled separately and placed in 20% HCI at 37°C for 3 h. The macerated tissue was then diluted to 50 ml with distilled water and 3 ml of 10% lissamine green, added to facilitate detection of glomeruli. After vigorous shaking, the suspension was continuously mixed. Six 1-ml samples, taken from separate areas of the flask, were transferred to a counting chamber and all the glomeruli in each sample were counted.
Inulin, PAH, sodium, and plasma proteins were determined as previously described (13). Student's t test was used to determine statistical significance of most data. However, determination of the significance of differences in the ratios SNGFR: JMGFR has been analyzed by the fourfold median test (14) lead to overestimates of zonal flow. In addition, the tissue from the saline-loaded animals lost approximately 15%o more weight than the tissue from the control animals. This would result in discrepancies in calculation of flow/g in the two groups. These potential errors were avoided by cutting and weighing the kidneys while frozen. ' The radioactivity of each tissue slice was counted separately; the value for q used to calculate flow to each zone was the mean of the 10 small pieces cut from that zone. Q was calculated as equal to total radioactivity of the 15 pieces cut from the large portion of kidney, multiplied by (total kidney wt/wt of large portion). RPF was calculated from CPAH, with values for PAH extraction obtained from comparable experiments in our laboratory (15 Tables I and II. Intrarenal plasma flow distribution was determined in 6 dogs from group I during control and in 10 dogs fronm group II during both control and saline loading. In the control state, plasma flow was comparable in the two groups of dogs, both in the superficial and in the juxtamedullary zones. During saline loading CPAH did not change signi,ficantly in group II, nor did superficial cortical flow. In the juxtamedullary zone, however, flow increased markedly from 1.3 to 1.8 ml/min/g (P < 0.01). GPR was calculated from the mean glomerular density measurement obtained from 23 kidneys (Table III) .
Individual experimental data for GPR in the superficial and juxtamedullary zones are recorded in Tables  I and II . GPR did not change significantly during saline loading in the superficial zone, but in the juxtamedullary zone, GPR increased from 225±42 nl/min in hydropenia to 323±39 nl/min during volume expansion (P<0.01) (Fig.2) . (6) found negligible amounts, however. Second, we removed the glomeruli, which contained some radioactivity in Bowman's space that represents filtration. In several experiments, radioactivity in superficial and deep glomeruli was about 20% of radioactivity in tubules from the same kidneys. This was slightly higher than that found by Baines in the rat (17) . There was relatively little variation among the four experiments: 24, 13, 24, and 24%. We assumed arbitrarily, as have others (6, 11) , that half of glomerular radioactivity is in Bowman's space and corrected measured tubular counts for loss of filtrate in glomeruli accordingly. Since the correction was only about 10% of the value for tubular radioactivity, even relatively large fractional changes in this correction would have little effect on absolute values of nephron GFR.
Third, there are possible errors attributable to our variant of the de Rouffignac-Hanssen method, in which the FeCN was infused into the aorta near the renal artery rather than intravenously. (This modification was required because of the prohibitive cost of the amount of radioactive FeCN necessary to achieve adequate plasnma levels of radioactivity by systemiiic infusion.) Homogeneous distribution of the FeCN was confirmed by routinely dissecting mlultiple pieces from random areas of the kidniey and(l filling Prussian blue graniules in virtually all neplhronis dissecte(l. An adequate estimate of renal plasma radioactivity was obtained by sampling blood in the renal artery at 1-s intervals throughout the infusion of radioactivity. This provided 13-16 separate plasma samples, from which mean plasma radioactivity could be estimated reasonably accurately.
These factors obviously introduce some uncertainty in calculations of absolute values of nephron GFR. However, any errors should apply equally to superficial and juxtamedullary nephrons and should not affect the ratio SNGFR: JMGFR. This ratio in control dogs in our present study is quite similar to those found in the rat (6, 7, 18) and the dog (4) ' The number of glomeruli/g of whole kidney (not divided into zones) was 8, 200 . This is in excellent agreement with recent data of Schneider, Lynch, Willis, and Knox (3), who found 8,100 glomeruli/g of kidney.
both an increase in superficial and a reduction in JMGFR although neither change, by itself, was significanit. In dog micropunclture experimenits, redistribution of filtrate with salinie loading has been estimated by comparing superficial to whole-kidney filtration rate. Because of appreciation of and correction for the "repunctture artifact" (1, 2), measurellmenit of this ratio h1as not suggested redistribution in the dog (1-3) . In the present experiments, the ratio of superficial to wholekidney GFR increased after saline loading, although the difference barely achieves statistical significance (P < 0.05). Direct measurement of both superficial and deep filtration rate by microdissection should, in principle, be more accurate than micropuncture methods for assessing distributional changes in the dog. Juxtamedullary nephrons, as defined and calculated by our methods of dissection, are only about 5-15% of the total in the kidney. Fairly large changes in JMGFR could be missed wxhen GFR in this small fraction of nephrons is estimated indirectly by comparing SNGFR from micropuncture with kidney GFR. Unfortunately, there are conflicting data even with the use of the more direct Hanssen method. Carriere et al. (4) have recently published data from experiments quite similar to ours utilizing the Hanssen technique in dogs, but with measurement only of the SNGFR: JMGFR ratio. During hydropenia the ratio in their studies was 0.80, not different from the value obtained in our experiments. After saline loading, however, they found no change in the ratio in five dogs. We have no definite explanation for the discrepancy. However, we do have an additional check on the validity of our technique not available with their qualitative method, in the agreement between our absolute nephron GFR values with micropuncture values and with kidney GFR (Table III) . As Carriere et al. (4) point out, the difference between our results may be related to the slightly larger saline load infused in our studies. In small rats in which direct micropuncture measurements of JMGFR can be made, superficial redistribution has been found after volume expansion (21, 22) . In larger rats, estimates of distribution derived from the ratio of SNGFR to wholekidney GFR have been inconclusive (23, 24) or negative (25, 26) with respect to superficial shifts during volume expansion. Baines (17) has recently found that redistribution occurs in small but not larger rats (Hanssen method) GFR was measured were dissected from the same superficial and juxtamedullary areas of the kidney used to measure GPR. Since nephron filtration fraction must be derived from two sets of observations and each has a considerable number of potential errors, we recognize the quantitative limitation of these calculated nephron filtration fractions. The results are instructive nonetheless. Superficial filtration fraction was 0.31 during hydropenia and was not different during saline loading. This is in agreement with the results of Daugharty, Ueki, Nicholas, and Brenner (26), who calculated superficial filtration fraction from protein concentration and hematocrit of the superficial peritubular capillaries in the rat. Filtration fraction in the juxtamedullary nephrons was 0.34 in the hydropenic animals and 0.24 during saline expansion. This apparent decrement in juxtamedullary filtration fraction is in agreement with the results obtained by Nissen (37) in the cat, in which venous blood draining the deep cortex can be sampled directly. It also fits the predictions of others from micropuncture and intrarenal blood flow studies (38, 28) . It is tempting to speculate that this apparent reduction in juxtamedullary nephron filtration fraction plays a role in effecting the natriuresis that occurs. The reduction in filtration fraction in juxtamedullary nephrons presumably indicates that during saline loading oncotic pressure in peritubular capillaries surrounding these nephrons is reduced more than in superficial nephrons. Since decreased oncotic pressure is a major determinant of decreased sodium reabsorption in the proximal tubule (26, 31) , it may be that proximal reabsorption is reduced more in juxtamedullary than in superficial nephrons during saline loading. Moreover, medullary blood flow is derived from the post-glomerular circulation of juxtamedullary nephrons. Hence, the increase in plasma flow and presumed large decrease in peritubular oncotic pressure in the deep cortical zone suggest that similar changes may occur in the medullary circulation. Such circulatory changes could be a factor in determining alterations in sodium reabsorption in the loops of Henle in response to saline loading (39) . It must be emphasized, however, that there is no specific evidence in our data that favors a relation between natriuresis and the hemodynamic changes we observed. In -recent work, Brenner, Troy, Daugharty, Deen, and Robertson (40) (41) (42) have shown that filtration rate in superficial nephrons is strikingly plasma-dependent. Our data in superficial nephrons is in agreement with this concept, since filtration fraction was unchanged after volume expansion. Our findings in juxtamedullary nephrons are apparently contradictory, however, since JMGFR tended to fall, while plasma flow increased about 50%. However, juxtamedullary glomeruli and efferent arterioles are larger than the corresponding structures of superficial nephrons (3, 43) . It has also been noted that renin content per glomerulus decreases progressively from the superficial to the deep zones of the cortex (44) . Hence, as Daugharty et al. have also noted (26) , the relation between GFR and plasma flow may differ in juxtamedullary and superficial nephrons, because of differences in such factors as afferent and efferent arteriolar resistance, net filtration pressure, the glomerular capillary oncotic pressure profile, and capillary permeability. Such differences may account for the apparent lack of plasma-flow-dependence of GFR in juxtamedullary nephrons observed in the present study.
